C3H/He mice infected with 1, 2, 4, 6, 7, 9, 10, 12, 14, 15, 16, and 17
Introduction
Lyme disease is the most prevalent vector borne disease in the United States. 1 In 1998, 16 802 cases were reported to the Centers for Disease Control and Prevention, a significant increase from the 9896 reported in 1992. 1 Ixodes ticks carry the spirochete Borrelia burgdorferi and pass it to humans and other mammals, with small mammals being the common reservoir hosts for the pathogen. [1] [2] [3] [4] [5] Skin lesions (erythema migrans), the earliest sign of B. burgdorferi infection in humans, are followed by neurologic and cardiac abnormalities appearing weeks to months after infection. The most common late-stage manifestation is arthritis, with 60% of Lyme disease patients in the United States showing symptoms 2 weeks to 2 years after infection. 3 The arthritis may range from intermittent episodes to chronic attacks, and the length of each relapse generally increases with the duration of illness. 3, 6 In most individuals, the development of arthritis is associated with the presence of spirochetes in tissues. 7 However, approximately 10% of individuals with Lyme arthritis develop a chronic condition characterized by persistent pain in a single joint for greater than 12 months and resistance to antibiotic treatment. 6 This treatment-resistant disease is proposed to result from the generation of B. burgdorferi-specific T cells that cross react with self-antigens. 8, 9 Because Lyme disease shows a variety of clinical manifestations in humans it has been postulated that the immunologic and pathologic sequelae associated with infection may be under partial genetic control. 3 This hypothesis has been studied using mouse models of Lyme disease. [10] [11] [12] Susceptibility to Lyme disease differs among mouse strains: C3H/He mice, including both the C3H/HeJ and C3H/HeN substrains, inoculated with B. burgdorferi develop severe arthritis, C57BL/6 mice develop mild arthritis, and BALB/c mice develop a spectrum of disease, depending on the inoculum. 10, 13 Inbred strains of mice differ in susceptibility to carditis, 14 antibody responses, 4, 5, 15, 16 spirochete load, arthritic (46) a The absolute values for Borrelia burgdorferi specific IgM and IgG presented for C3H/HeJ, BALB/cAnN and (C3H × BALB) F1 hybrids were determined with a different ELISA assay, and cannot be directly compared with those obtained for C3H/HeN, C57BL/6N and B6C3F1 hybrid mice. response 13 and T helper cell phenotypes. 17 However, several studies suggest a lack of involvement of acquired immunity in regulating the severity of disease. 18, 19 To better understand the role of genetics in the development and persistence of Lyme arthritis, our laboratories previously published the study of an F 2 intercross population derived from susceptible C3H/HeN and resistant C57BL/6N mice. We reported nine quantitative trait loci (QTL) linked to Lyme disease phenotypes.
11
Ankle swelling was associated with loci on chromosomes 4 and 5, whereas regions of chromosomes 5 and 11 were linked to arthritis histopathology. Humoral responses differing between susceptible and resistant mice were controlled by loci on chromosomes 6, 9, 11, 12, and 17.
In the present study, reciprocal backcross (BC1) populations derived from C3H/HeN and C57BL/6N, and C3H/HeJ and BALB/cAnN mice were used to further characterize the genetic control of murine Lyme disease related phenotypes (see Table 1 ). Using composite interval mapping (CIM), 12 new QTL from the BC1 populations and at least two new QTL from the original (C3H/HeN × C57BL/6N) F 2 intercross population were identified. Importantly, CIM revealed the possibility of four loci in a 30-cM region of chromosome 5 encompassing the previously mapped Bb2 and Bb3 loci.
Results
Using an F 2 intercross between C3H/HeN and C57BL/6N mice, we previously identified nine distinct QTL (Bb1-9) governing six phenotypes associated with murine Lyme disease following B. burgdorferi infection.
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Three QTL were associated with two different phenotypes, and five phenotypes were controlled by more than one QTL. In the present study, we analyzed B. burgdorferiinfected reciprocal BC1 populations, B6C3F 1 × C57BL/6N and B6C3F 1 × C3H/HeN, as well as (C3H/HeJ × BALB/cAnN) × BALB/cAnN and (C3H/HeJ × BALB/ cAnN) × C3H/HeJ. All measurable characteristics of B. burgdorferi infection are similar between C3H/HeJ and C3H/HeN mice, and the two substrains develop Lyme arthritis of similar severity. 13 In this investigation, we
Genes and Immunity sought to identify (1) the most important QTL for Lyme disease related phenotypes, (2) additional QTL controlling B. burgdorferi induced phenotypes that were not found in the F 2 intercross, (3) QTL specific to a cross between particular parental strains, and (4) the relationship of two phenotypes that were controlled by QTL localized to a single region on the chromosome. Because of our a priori knowledge of the existence of multiple QTL linked to a single Lyme disease phenotype and linkage of two Lyme disease QTL to the same chromosome, 11 we used CIM for this study. 20, 21 CIM conditions out the effects of one QTL in the identification of another QTL, controls for multiple QTL on a single chromosome, and generally localizes QTL to a narrower interval. Therefore, we hypothesized that CIM would localize QTL with greater precision than traditional interval mapping in the reciprocal BC1 populations. [20] [21] [22] [23] [24] Furthermore, we hypothesized that CIM would improve our ability to distinguish QTL shared between different crosses and phenotypes from QTL that were specific to individual crosses and phenotypes.
Quantitative analysis of severity of B. burgdorferiinduced arthritis based on ankle swelling and lesion scoring When the B6C3F 1 × C3H/HeN BC1 was used, QTL linked to ankle swelling and histopathologic traits reproduced Bb2 and Bb6 found on chromosomes 5 and 12 in the F 2 intercross. 11 Although Bb6 was previously linked to the B. burgdorferi induced antibody response, in this BC1 population Bb6 also appears to be linked to arthritis. New QTL were found centromeric of Bb6 on chromosome 12 at 16-28 cM (Bb10), and on chromosome 1 at 32.8 cM (Bb11). (All cM references are according to Mouse Genome Database (MGD) (http://www.informatics. jax.org/) and are based on the distance from the centromere of the acrocentric mouse chromosome.) In the B6C3F 1 × C57BL/6N BC1, Bb2 was also verified, and new loci were linked to chromosome 1 at 92-100 cM (Bb12) and chromosome 4 at 6.5 cM (Bb13) (see Table 2 ).
In the (C3H/HeJ × BALB/cAnN) × C3H/HeJ BC1, a single QTL linked to arthritis severity based on histologic d Maximum LRT at the position of a marker (not an interval between markers).
e Additive effect of the QTL relative to the C3H/HeN [in the B6C3HF 1 × C3H/HeN and (C3H/HeN × BALB/cAnN) × C3H/HeN crosses], C57BL/6N (in the B6C3F 1 × C57BL/6N cross) or BALB/cAnN [in the (C3H/HeN × BALB/cAnN) × BALB/cAnN cross] homozygote. A positive value indicates that the mean trait value for the homozygous (a marker having two alleles from the recurrent parent of the BC1) animals is greater than the mean trait value for the heterozygous animals. f Percent variance accounted for by the QTL. g 90% permutation-based experimentwise significance levels. For (C3H/HeN × BALB/cAnN) × BALB/cAnN BC1: specific IgG = 11.8; For B6C3HF 1 × C3H/HeN BC1: total IgG = 11.9.
analysis was found in the region from 56-78 cM on chromosome 5 (Bb2). In the (C3H/HeJ × BALB/cAnN) × BALB/cAnN BC1, the Bb8 locus was reproduced on chromosome 17, and a new QTL was identified at 17.8 cM on chromosome 15 (Bb14).
Quantitative analysis of the humoral response to B. burgdorferi infection QTL linked to IgG or IgM antibody levels (both total and B. burgdorferi specific) were also found using the reciprocal BC1 populations. The B6C3F 1 × C3H/HeN BC1 verified Bb6 and Bb8 on chromosomes 12 and 17 that were previously mapped in the F 2 intercross, as well as the Bb10 locus on chromosome 12.
11 New QTL were mapped to 70-74 cM on chromosome 2 (Bb15) and 16-53 cM on chromosome 7 (Bb16). In the B6C3F 1 × C57BL/6N BC1, Bb12 on chromosome 2 was also confirmed at 74 cM, and new QTL were found on chromosome 9 at 56 cM (Bb17), chromosome 10 at 31.5 cM (Bb19), chromosome 15 at 15.6-18.8 cM (Bb14), and chromosome 16 at 9.7 cM (Bb19). A new locus at 30.5-38.5 cM (Bb20) on chromosome 6 was mapped in the (C3H/HeJ × BALB/cAnN) × BALB/cAnN BC1.
Quantitative analysis of IL-6 and B. burgdorferi numbers in the heart
Elevated interleukin-6 (IL-6) levels following B. burgdorferi infection mapped to 10-23.3 cM on chromosome 17 in the B6C3F 1 × C3H/HeN BC1, where Bb8 had been previously localized.
11 Also, a QTL controlling the number of B. burgdorferi residing in heart tissues after infection was linked to 25 cM on chromosome 14 (Bb21) in the B6C3F 1 × C57BL/6N BC1.
Composite interval mapping reanalysis of the F 2 intercross
When CIM on the BC1 populations revealed many unique loci not identified in the original F 2 genome scan, 11 we asked whether the additional QTL found in the BC1 populations, but not seen in the F 2 intercross, reflected the increased power of CIM to localize QTL. Utilizing markers covering the entire genome of the original F 2 population, we analyzed each phenotype by CIM. Twenty background markers were selected to account for the potential background effects of Bb1-21. CIM confirmed Bb1-6 and Bb8 (see Table 3 ). Additionally, Bb12 controlling the total IgG level was verified at 92.3 M on chromosome 1. Two new QTL were identified on chromosomes with previously identified B. burgdorferiassociated QTL. Bb22 mapped to 46.9 cM on chromosome 15 (histopathology) and Bb23 at 49.6 cM on chromosome 4 (quantification of B. burgdorferi copy number in the heart) (see Tables 2 and 3 ).
Replication of Bb loci between crosses
Seven QTL were replicated in multiple crosses with various phenotypes. Bb2, associated with histopathology, was verified in the three crosses using C3H/HeN and C57BL/6N mice and was the only significant QTL found in the (C3H/HeJ × BALB/cAnN) × C3H/HeJ BC1. Bb8 was mapped in the F 2 intercross, the B6C3F 1 × C3H/HeN BC1, and the (C3H/HeJ × BALB/cAnN) × BALB/cAnN BC1 using three different phenotypes (specific IgG, IL-6, and ankle swelling). Bb6 on chromosome 12 was reproduced by two traits each in the F 2 intercross (total IgG and total IgM) and in the B6C3F 1 × C3H/HeN BC1 (tendon sheath thickness and total IgG). Another locus on chromosome 12, Bb10, was found using tendon sheath thickness and total IgG in the B6C3F 1 × C3H/HeN BC1. Two independent crosses, using different traits, also confirmed the Bb12, Bb14, and Bb15 loci (see Table 2 ).
Correlations between traits and their associated QTL
In the previously published analysis of the F 2 intercross, there were three cases (Bb3, Bb5, and Bb6) of two phenotypes linked to the same interval. 11 In each case, the correlation between the two traits linked to a single locus was highly significant (P Ͻ 0.0001, data not shown). This suggested that a single pleiotropic QTL influenced more than one phenotype, that the two measured phenotypes were both indicative of the overall disease process, or that two QTL influencing separate phenotypes were tightly linked. To better understand the linkage of two Genes and Immunity phenotypes to a single locus, we examined the correlation of phenotypes in the BC1 populations.
In animals from the B6C3F 1 × C3H/HeN population, the correlation between the ankle swelling and histopathology score was high ( = 0.59, P Ͻ 0.0001). In this same B6C3F 1 × C3H/HeN BC1, the correlation between tendon sheath thickness and total IgG was not as high, even though both traits are linked to Bb6 and Bb10 ( = 0.25, P = 0.0049). Also in this same BC1 population, both specific IgG and IL-6 levels mapped to Bb8 on chromosome 17 and displayed a high degree of correlation ( = 0.20, P = 0.0045). However, there are several other examples where highly correlated traits did not share the same susceptibility loci (data not shown, see Discussion).
Resolution of Bb2 and Bb3 on chromosome 5
Using ankle swelling and histopathologic traits, Bb2 was found in three of the BC1 populations as well as in the F 2 population. In each case, the Bb2 allele causing increased severity came from the C3H/He (susceptible) parental strain (see Table 2 ). Additionally, Bb2 was the only significant QTL in the (C3H/HeJ × BALB/cAnN) × C3H/HeJ BC1. Thus, the Bb2 allele from C3H/He mice appears to be important for susceptibility to Lyme arthritis as revealed with four independent crosses involving three different mouse strains.
In an attempt to identify Bb2, we included markers for Spp1 (osteopontin or Eta1) located at 56 cM, and Cora1 at 73 cM in the genetic map to test them by CIM as candidate loci for Bb2. Spp1 may affect the murine response to intercellular pathogens. For example, two different osteopontin deficient mice had impaired host defenses to intracellular pathogens, with one mouse more severely impaired than the second in IFN␥-dependent events and granuloma formation. 25, 26 Cora1 is a second candidate locus at Bb2 that was initially identified as a QTL linked to the correlated production of IL-4 and IL-10 after stimulation with ConA in (CcS-20 × BALB) F 2 hybrids. 27 Inclusion of the markers for these candidate loci indicates that Spp1 (as represented by D5Mit115 at 56 cM), was excluded from the significance interval for Bb2 in the BC1 populations. Maximal linkage of Bb2 was found close to D5Mit63 (the marker linked to Cora1) in the F 2 intercross and the three BC1 populations. Our linkage analyses with the reciprocal BC1 populations excluded Spp1 as a candidate gene, and suggested that Cora1 may be a candidate locus.
Bb2 and Bb3, both located on chromosome 5, were difficult to separate by CIM. In the analysis of the F 2 population by CIM with a window size of 10 cM, Bb2 was confirmed at 60 cM (D5Mit24) using the trait of ankle swelling and Bb3 was replicated at 53-60 cM (D5Mit91-D5Mit24) using the histopathology score (see Table 3 ). Thus, these highly correlated traits (P Ͻ 0.0001) had significant QTL regions that overlapped on chromosome 5 and we were unable to differentiate the position and influence of Bb2 and Bb3. Interestingly, this region from 53-60 cM is exclusively identified in the F 2 population (not the BC1 populations), and does include candidate gene and Spp1.
In the F 2 intercross, CIM with a window size of 5 cM gave maximal linkage to D5Mit431 at 66 cM for histopathology score. The telomeric shift of the maximally linked marker as the window size decreased was due to the exclusion of a marker(s) and associated QTL at 5 cM or more from the test position. At D5Mit431, CIM with a 5 cM window excluded the effects of D5Mit63 and D5Mit24 as well as D5Mit91, and linkage may be due to an additional locus between Bb2 and Bb3 (see Table 4 and Figure 1 ). When a CIM with a 10 cM window was used, linkage was greatest when the testing window included the effects at both D5Mit63 and D5Mit91. Additionally, tendon sheath thickness exhibits maximal linkage at 45 cM to D5Mit312 (Bb3) when interval mapping or CIM is done with a 5 cM window. With a 10 cM window, CIM for tendon sheath thickness gives maximal linkage at D5Mit312 when the test position does not exclude the influences at D5Mit63 and D5Mit91, although it does not pass the 90% permutation threshold (data not shown).
In the (C3H/HeJ × BALB/cAnN) × C3H/HeJ BC1, Markers included in original Bb2 interval. Microsatellite markers used in the F 2 and BC1 populations are given with their distances according to MGD and not according to the recombination fractions between markers specifically generated for each cross. The marker order listed was replicated for each cross. Markers in bold letters identify the four putative QTL on chromosome 5. The tendon sheath thickness, ankle swelling and histopathology traits were localized using CIM with a 5 cM window using the F 2 population. The Cora1 locus was identified using ankle swelling and histology phenotypes from the reciprocal backcross populations. Map made using MapCreator (http://www.wesbarris.com/mapcreator/ mapcreator.html).
CIM with a 10 cM window mapped histopathology and tendon histology to Bb2. Yet, the more centromeric side of the significant region for tendon histology is very close to Bb3. CIM with a 5 cM window places maximal linkage of tendon histology at 66 cM whereas maximal linkage for the histopathology score is at 72 cM. Once again, two distinct loci are linked to two different traits and this becomes clearer as the window size in CIM is changed. Taken together, our CIM analysis of F 2 and BC1 populations provided evidence for at least three and possibly four loci controlling ankle swelling or histopathological responses to B. burgdorferi on chromosome 5. These loci are at 45, 53-60, 66 and 72-73 cM on chromosome 5 (see Figure 2) . In future experiments, interval specific congenic lines across this region of chromosome 5 will be used to test this hypothesis.
Discussion
Our analysis of the B. burgdorferi-infected reciprocal BC1 populations, B6C3F 1 × C57BL/6N, B6C3F 1 × C3H/HeN
Genes and Immunity and (C3H/HeJ × BALB/cAnN) × BALB/cAnN and (C3H/HeJ × BALB/cAnN) × C3H/HeJ identified 12 novel QTL and replicated three QTL from our previous genome scan. 11 We examined susceptible C3H/He mice crossed to two different resistant strains, C57BL/6N and BALB/cAnN, that may have different mechanisms of resistance. 13 We also reanalyzed the original F 2 population using CIM, validating seven previously mapped QTL and identifying at least three additional Bb loci. Interestingly, three of the BC1 populations confirmed Bb2 from the F 2 intercross. In all cases, the C3H/He Bb2 allele increased ankle swelling, tendon sheath thickness, and the severity of the histopathologic changes associated with arthritis. Therefore, the C3H/He allele at Bb2 on chromosome 5 is very important in susceptibility to B. burgdorferi-induced phenotypes. The candidate locus Cora1, which appears to influence the ratio of IL-4 and IL-10, is particularly intriguing, given our recent finding of the importance of IL-10 in B. burgdorferi-induced lesions and the lack of effect of IL-4 and IL-13 on the development of Lyme arthritis.
28,29 IL-10 influences lesion severity and histopathology, and the ratio of IL-6 and TNF␣ to IL-10 may be important. 12 Thus Bb2 may influence quantitative differences of the cytokine ratio, thereby affecting Lyme disease lesions.
Reanalysis of the F 2 intercross using CIM provided additional resolution on chromosome 5 at the locations of Bb2 and Bb3. By using different window sizes and examining the markers that were included and excluded, we saw evidence for four distinct QTL within a 30-cM region on chromosome 5 that affect ankle swelling and histopathologic phenotypes associated with experimentally induced Lyme arthritis. Two independent crosses derived from different parental combinations verified the existence of multiple QTL on chromosome 5 affecting different phenotypes. In analyses of mouse models of insulin-dependent diabetes mellitus (IDDM) and systemic lupus erythematosus (SLE), initial linkages to large intervals were later separated into two or more distinct loci by use of interval specific congenic mice. [30] [31] [32] [33] Therefore, given the association of the three histologically scored phenotypes with different intervals exhibiting maximal linkage, our extended QTL analysis with CIM identified loci whose discovery otherwise may have required the use of interval specific congenic mice. The ability to detect three or more distinct QTL in the F2 intercross, and not in the BC1 populations, may be due to unique epistatic interactions that can only occur in this design. Alternatively, Bb2 may only be important for susceptibility to ankle swelling and cellular changes that cause more severe histopathology in BC1 mice. Nevertheless, CIM provides important new information to be considered while generating congenic strains of mice that differ only in the region of the loci on chromosome 5.
The presence of multiple loci linked to different phenotypes on chromosome 5 was also supported by our correlation analysis. In both the F 2 intercross and BC1 populations, when two traits were linked to the same locus, there was significant correlation between the traits. Yet, it is interesting to note that even though two phenotypes are highly correlated, they do not share linkage to all of the same QTL. Similar findings were seen by Lyons et al with IDDM. 32 Our extended analysis of Bb2 and Bb3 and the examination of correlation of traits, illustrates that some QTL may contain more than one gene related to the B. burgdorferi response. These multiple QTL may control a specific sub-phenotype, although these loci may be tightly linked and evolutionarily conserved. For example, our results indicate that the region from 45 to 81 cM on chromosome 5 contains multiple QTL governing the immunologic and pathologic sequelae associated with B. burgdorferi infection. Genes in this same region may also be important in responses to other infectious organisms. Four candidate genes, Gro1 (51 cM), Bmp3 (55 cM), Spp1 (56 cM), and Ibsp (56 cM) and the candidate locus Cora1 (73 cM) reside in this region. Conversely, the pleiotropic effects of a single gene, as seen in knockout mice, may affect more than one phenotype. Additional studies will help to distinguish between these two possibilities, although they may be unique to a particular locus.
In addition to replicating loci that were previously identified in the F 2 intercross, we have identified 14 new loci by taking into account the effect of background and tightly linked genes through CIM. For each phenotype tested, the strains that developed severe arthritis and had a higher humoral response were C3H/HeN and C3H/HeJ and those that developed mild arthritis and had a lower magnitude humoral response were C57BL/6N or BALB/cAnN (see Table 1 ). Eight of the eleven linkages identified using the B6C3F 1 × C3H/HeN BC1 had two alleles from C3H/HeN mice that increased trait severity. Bb10 and Bb11 displayed a heterozygous effect (see Table 2 ), and at Bb10, this was the case with two correlated traits. In the B6C3F 1 × C57BL/6N BC1, six of nine linkages were due to homozygous C57BL/6N alleles. Of interest, Bb15, mapped in both B6C3F 1 × C3H/HeH and B6C3F 1 × C57BL/6N BC1 populations, was found in each case because of homozygosity of the recurrent parent of backcross. Detection of this locus in our previous study had been obscured in the F 2 cross and possibly by the presence of two QTL in this region. 34 Similar confirmations of important disease-causing alleles and identification of additional alleles have been seen when the same parental strains were used in BC1 and F 2 populations studying experimental allergic encephalomyelitis (EAE) [35] [36] [37] and in murine models of SLE.
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Yet, we have found no study that has used both reciprocal BC1 populations and an F 2 derived from the same inbred strains to identify and replicate QTL. The advantage of using reciprocal BC1 and F2 intercross populations to detect QTL controlling murine Lyme disease may be due to the fact that C3H/HeJ and C57BL/6N mice exhibit significant differential susceptibility for each phenotype tested, with C3H/He always being more susceptible. Additionally, the animals were bred and infected under the same conditions, thus controlling for many environmental effects and the markers used in the genome scan were the same in each cross with little variation. Even though the maps that were generated for each cross were slightly different, use of the same markers was very important in the direct comparison of loci and the markers used to represent the background in CIM. Additionally, our use of two additional BC1 populations between the susceptible C3H/He and BALB/c strains is also enlightening given the history of the C3H strain. C3H was derived from a cross between Bagg Albino mice (predecessor to the BALB mice strain) and DBA mice in 1920. 43 Because the offspring were selected for tumor development, it would be expected that they would not carry 50% of each of the genomes of the parents. Given our difficulty in finding polymorphic microsatellite markers between C3H/He and BALB/c covering the entire genome at 20-cM intervals (see Materials and methods), we assume that regions of high homozygosity exist between the two strains. Despite these regions of homozygosity and relatedness of C3H/He and BALB/c, we were able to identify seven QTL in our reciprocal BC1 populations. Only one of the QTL was unique (Bb20), and is the result of homozygous alleles from BALB/cAnN (resistant) mice (see Table 2 ). Because BALB/c mice appear to have a different mechanism of resistance than C57BL/6 to infection with B. burgdorferi, 13 and because a different B. burgdorferi strain was used in BALB/c BC1 backcrosses, the loci found in BC1 with BALB/c may be unique to that mechanism of resistance or to the strain of pathogen used. Nevertheless, the additional information found using the reciprocal BC1 between C3H/HeJ and BALB/cAnN mice verified significant QTL on chromosomes 5, 15, and 17, suggesting that there is a high probability of finding candidate genes in a region common to independent crosses, especially when related strains are used.
Mice with different genetic backgrounds may harbor different susceptibility genes even though they may not cause susceptibility in a particular strain of mice. Inbred strains showing resistance to B. burgdorferi infection also contain susceptibility loci and these loci may be unmasked only when they interact with loci from a susceptible strain. Because QTL differ from Mendelian traits, cross-specific information may be uniquely identified.
By using F 2 and reciprocal BC1 populations between susceptible C3H/He and resistant C57BL/6N and BALB/cAnN mice, we have shown that the susceptibility of B. burgdorferi-induced Lyme arthritis in mice is complex and polygenic in nature. The genetic control of the nine different intermediate phenotypes is due to at least 23 different loci on 14 different chromosomes. The isolation and identification of the major QTL may provide direct insight into the interesting relationships between these intermediate phenotypes and the pathways leading to immunologic and pathologic sequelae. Table 1 ). The infection was followed for 4 weeks, after which the mice were killed. Mice were measured for histological and humoral phenotypes that have previously been shown to be important in disease. 4, 5, 13, [15] [16] [17] Detection of B. burgdorferi specific and total circulating immunoglobulin levels, and detection of serum IL-6 Serum samples, taken from infected and control mice killed 4 weeks after infection, were analyzed for B. burgdorferi-specific antibody and for total circulating IgG and IgM by a quantitative antibody capture ELISA as described elsewhere.
Materials and methods

Mice
11 IL-6 levels in serum were assayed by antibody capture ELISA using rat anti-mouse IL-6 moncolonal antibody pairs and recombinant mouse IL-6 standard from Pharmingen (San Diego, CA, USA).
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Measurement of the ankle joints
Rear ankle joints of mice were measured with a metric caliper (Mitutoyo, Japan) at death. Measurements were taken in the anterior/posterior position, with the ankle extended, which was through the thickest portion of the ankle. Normal ankle joints have a diameter of approximately 3 mm at this position, with measurements up to 4.5 mm observed in severely arthritic mice.
Histopathology of ankle joints
When mice were killed 4 weeks after infection, the rear ankle joint with the greatest swelling was taken from each mouse for histological analysis, as described elsewhere. 11 A score of 4 indicated the greatest severity in tissues of the ankle and tibia: a large region of edema with presence of many neutrophils, thickening of the tendon sheath, and evidence of bone and cartilage abnormalities within the tendon sheath. A score of 1 displayed slight thickening of the tendon sheath, and little edema and neutrophil infiltration; a score of 0 was given to samples indistinguishable from mock-infected controls. Scores of 2 and 3 were assigned to samples with intermediate lesion severity. A similar evaluation assigned a score of 0-4 for tendon sheath histology.
A second quantification of histopathological severity was obtained by measurement of the thickness of the tendon sheath of the cranial tibial muscle as previously described. 11 The average of four measurements made at approximately equal spacing was used for QTL analysis.
Genes and Immunity
Quantitation of B. burgdorferi DNA in mouse tissues B. burgdorferi DNA levels were determined in DNA prepared from hearts of infected BC1, F 1 , F 2 and parental mice by continuous monitoring polymerase chain reaction (PCR) using the Light Cycler (Idaho Technologies, Idaho Falls, ID, USA). 44 
Genotyping of BC1 mice
We constructed genetic linkage maps of the mouse genome for each individual BC1. Genomic DNA was isolated from rear ankle joints. Maps were made using 194 C3H/HeN × B6C3F1 and 84 C57BL/6N × B6C3F1 mice. One hundred and ninety-five microsatellite markers that discriminated between C3H/He and C57BL/6 alleles were used to scan all chromosomes of the mouse genome; distances between markers or on the ends of a single chromosome did not exceed 20 cM. Maps for BALB/c crosses were made using 136 (C3H/HeJ × BALB/ cAnN) × BALB/cAnN and 96 (C3H/HeJ × BALB/cAnN) × C3H/HeJ mice with 111 and 115 microsatellite markers, respectively, that distinguished between the C3H/He and the BALB/c alleles. A map with 20-cM resolution for these BC1 populations was not achieved. Some regions had no resolvable polymorphisms between C3H and BALB, we suspect this is due to the close relationship between C3H and BALB 43 (see Discussion). Microsatellite primers were either purchased from Research Genetics (Huntsville, AL, USA) or synthesized according to sequences obtained through the Whitehead Institute/ MIT mouse genome database (www.genome. wi.mit.edu/cgi-bin/mouse/index). PCR parameters for microsatellite typing were as described elsewhere. 45 Microsatellite size variants were resolved by electrophoresis on large format denaturing 7% polyacrylamide gels and visualized by autoradiography.
QTL analysis
Linkage maps were estimated using MAPMAKER/EXP computer package and a Kosambi map function. 46, 47 CIM was used for localization of QTL using model 6 of the Zmapqtl program in QTL Cartographer program (http://statgen.ncsu.edu/qtlcart/cartographer.html). 48 CIM combines classical interval mapping with multiple regression, and, as such, it permits a more precise definition of QTL location, controls for spurious ghost loci, and allows the detection of more than one QTL on a chromosome. [20] [21] [22] [23] [24] 49 To choose background markers for CIM, a linear regression model with a forward/backward selection procedure was run in the SRmapqtl module of QTL Cartographer. These background markers are of two types: markers flanking the test interval to control for the presence of linked QTL on the chromosome examined, and markers unlinked to the test interval but with significant effects on the trait. An initial window size of 10 cM (and later 5 cM) was used to define the flanking markers, and CIM was performed in 2 cM increments. Twenty background markers were used in the F 2 intercross, 10 background markers were used in the BC1 between C3H and C57BL/6 mice, and five background markers were used with the BC1 between C3H and BALB/c mice. The number of background markers was chosen by considering the number of significant linkages found using interval mapping (model 3) and the number of microsatellite markers included in the cross. Tests of significant linkage for a QTL are reported in the form of a likelihood ratio test (LRT) statistic (LOD = LRT × (0.2171)). All marker locations and putative QTL are given as distances from the centromere of the acrocentric mouse chromosome as found in the Mouse Genome Database (MGD: http://www.informatics.jax.org).
Permutation derived critical values
QTL Cartographer was employed to assess the significance of the linkage between marker loci and putative QTL via permutation-based threshold analysis. 49, 50 Significant (␣ = 0.05) and suggestive (␣ = 0.10) experimentwise critical values were determined using the distribution of maximum LRT statistics from 1000 permutations of our data.
